ABSTRACT This study was conducted to investigate the effects of dietary manganese-methionine (Mn-Met) supplementation on the egg quality of laying hens. A total of 480 Jinghong-1 strain layers aged 53 wk were divided into 5 groups with 6 replicates of 16 layers. Birds in the control group were fed a diet supplemented with 60 mg Mn/kg in the form of MnSO 4 ; the birds in other 4 experimental groups were fed a diet supplemented with 20, 40, 60, and 80 mg Mn/kg as Mn-Met, respectively. Dietary Mn-Met treatments significantly affected (P < 0.05) the albumen height, yolk color, and Haugh unit compared to those of the control diet. The Mn contents in the eggshell increased (P < 0.01) significantly by increasing the Mn-Met supplementation, whereas Mn content in eggshell was triple that in the yolk or albumen. Compared with the 60 mg/kg MnMet group, the transverse surface in the control group had (P < 0.01) a greater width of mammillary cones, and there were obvious cracks on the outer surface in the control. There was no difference (P > 0.05) in the eggshell gland (ESG) in the expression of calbindin-D 28k ) mRNA in response to any diet treatment. In conclusion, dietary Mn-Met supplementation increased internal egg quality and the ultrastructure of the eggshell. Compared to the control, 60 mg/kg Mn-Met treatment resulted in improving egg quality, and 20 mg/kg Mn-Met treatment had similar effects the control treatment had on the egg quality. This indicates that the inorganic Mn can be replaced by the lower concentration of Mn-Met.
INTRODUCTION
Eggshell quality is an essential concern not only for egg producers but also for consumers. The commercial processing and marketing of eggs usually cause a high rate of cracked or broken eggshells (Xiao et al, 2014) , and strong resistance to breaking and lack of shell defects are essential for protection against the penetration of pathogenic bacteria into eggs (Świ atkiewicz et al., 2015) . Numerous studies (Pekel et al., 2012; Samiullah et al., 2014; Stefanello et al., 2014) report the effects of eggshell quality on the egg quality and production. Furthermore, it is known that eggshell quality decreases with increasing hen age (Washburn, 1982) , and the incidence of cracked eggs can exceed 20% at the end of the laying period (Nys, 2001) . Therefore, different strategies, especially mineral nutrition and supplementation, have been considered to improve eggshell quality (Nys, 2001) .
Manganese (Mn), for example, is an important trace mineral in poultry, such as broilers (Li et al., 2004) , laying hens (Xiao et al., 2015) , pigeons (Loranger C et al., 1994) . The result of previous studies has demonstrated that Mn, as one cofactor of metalloenzymes responsible for carbonate and mucopolysaccharide synthesis, plays an important role in eggshell formation (Swiatkiewicz and Koreleski, 2008) . Fassani et al. (2000) reported that increasing the level of Mn supplementation (40 to 200 mg/kg) in the diet of layers in the second cycle of production linearly improved eggshell thickness and egg loss index. Hens fed Mn-deficient diets produced eggs with thinner shells, with translucent areas and abnormalities in eggshell ultrastructure, particularly in the mammillary layer (Gheisari et al., 2010) . Xiao et al. (2014) indicated that dietary Mn supplementation (100 mg/kg) on Hy-Line Grey layers positively affected eggshell quality characteristics by increasing the synthesis of glycosaminoglycan and uronic acid in eggshell glands (ESG), as well as improving eggshell ultrastructure. To our knowledge, there were few reports of dietary manganese effect on the eggshells ultrastructure and its mechanism.
Shell calcification of birds with long clutches imposes severe demands on Ca 2+ homeostasis, which is maintained by the highly efficient Ca 2+ transport mechanisms that operate in the intestine, bones, and the ESG (Bar, 2008) . In birds, high concentrations of calbindins are found (Corradino et al. 1968) in the ESG, and the protein is named calbindin-D 28k (CaBP-D 28k ) and 247 localized primarily in the tubular gland cells (Wasserman et al., 1991) . It was hypothesized by Bar (2008) that Ca 2+ transport in the ESG plays a major role in the synthesis of ESG calbindin mRNA, which was induced during shell formation.
Current mineral supplementation was based on the traditional use of inorganic forms (Yilmaz Dikmen et al., 2015) . While organic trace minerals have been reported to have a higher bioavailability than inorganic salt analogues (Trindade Neto et al., 2010; Mohammadi et al., 2015) . Alternatively, other researchers found no difference on eggshell quality and mineral retention in eggshell and yolk between organic (amino acid complexes) and inorganic sources (Mabe et al., 2003) . Sun et al. (2012) indicated that the differences in bioavailability of minerals might result from different chelation strength (Li et al., 2004) or the ligands (House et al., 1997) . Manganese-methionine (Mn-Met) used in the study are formed at one amino acid to one atom of trace mineral ratio. Yan and Waldroup (2006) and Yi et al. (2007) have proved that the organic trace mineral with an organic ligand have higher bioavailability than sulfate forms in the broilers.
The purpose of this study was to evaluate the effects of Mn-Met supplementation to the diets of laying hens in the late laying period on egg quality, including internal properties and the mechanical properties of eggshells. The experiment also examined whether a lower concentration of Mn-Met could be substituted for inorganic Mn.
MATERIALS AND METHODS
All experimental procedures were conducted in accordance with the Animal Welfare Committee guidelines and approved by the Animal Science College of Zhejiang University (Hangzhou, China).
Bird Management
A total of 480 laying hens (Jinghong-1 strain) at the age of 53 wk were randomly assigned to 5 treatment groups of 4 layers per cage (cage dimensions 50 cm × 50 cm × 50 cm), with 16 layers per replication and 6 replications per treatment. Temperature and lighting were maintained according to commercial operations. The laying hens were housed in an enclosed, ventilated, and conventional room. Feed and water were supplied ad libitum. The experiment lasted 10 wk included a 1-wk acclimation period and a 9-wk experimental period.
Experimental Design and Diets
A Mn supplementation diet (Table 1) was formulated to meet or exceed levels of all nutrients recommended by NRC (1994). Control birds were fed the diet (60 mg Mn/kg) supplemented with MnSO 4 (in- Miao et al. (2017b). organic Mn, formed according to the feeding standard of chicken in China); the birds in other 4 experimental groups (20, 40, 60, 80 mg Mn/kg, respectively, formed according to the control diet) were fed diets supplemented with Mn-Met (Mn content: 15%, methionine content: 78%; Beijing Alltech Biol. products Co., Ltd, Beijing, China). The MnSO 4 and Mn-Met were first mixed with the premixes and then with the other ingredients to make feed mixing uniformity higher. The differential content of methionine was caused by the addition of graded Mn-Met, which was corrected by addition of extra methionine in the premixes. Hence all nutrients in diets were kept at the same levels except for the Mn content. Approximately 200 g of feed from each replicate was sampled at −20
• C for analysis of dietary Mn content according to the method of Mabe et al. (2003) and Xiao et al. (2014) , which was shown in Table 1 . Crude protein, amino acids, calcium, and phosphorus were determined according to the procedures outlined in the AOAC (2002).
Determination of Egg Quality
Egg quality parameters were measured every 4 wk after 1 wk of acclimation period. Twenty-four eggs from each treatment group (4 eggs per replication, 6 replications per treatment) were randomly collected at 4 wk and 8 wk for egg quality determination as reported previously (Yang et al. 2012; Bai et al. 2014; Miao et al. 2017a ). Egg weight, albumen height, yolk color, Haugh unit, and eggshell strength were measured by using a digital egg tester (DET-6000, Nabel Co., Ltd, Kyoto, Japan) on 4 eggs per replication. Furthermore, eggshell thickness was measured (without shell membrane) with an Egg Shell Thickness Gauge (ESTG-1, Orka Food Technology Ltd., Ramat Hasharon, Israel) at 3 points (sharp end, blunt end, and the equator) and estimated by the average of 3 points from each egg (Xiao et al., 2014; Yilmaz Dikmen et al., 2015) .
Determination of Mn Content in Eggshell, Albumen, and Yolk
A sample of 6 eggs per treatment was obtained at the termination of 9-wk experiment as described previously (Küçükyılmaz et al. 2012; Miao et al. 2017a ). The yolks were separated from albumens and they were placed in the 50 mL tubes, frozen (at −20
• C) until analysis. Eggshells associated with each dietary treatment were ground to a fine powder prior to analysis. Then the content of Mn in the eggshell was measured according to the method of Gheisari et al. (2011) ; the contents of Mn in the albumen and yolk were measured according to the method of Zapata (2016) . The flame atomic absorption spectrophotometry was used in the determination.
Eggshell Ultrastructure
At the end of the trial, 6 eggs were sampled randomly from each treatment group. The eggs were broken, and washed with distilled water to remove dirt, following manual removal of the inner shell membrane. After being dried in the air, 2 samples peels (0.5 to 1 cm 2 ) of the sharp end of each egg were separated and saved. Subsequently, 2 samples of the eggshell were prepared for scanning electron microscope analysis. One sample was used for the analysis of the external surface of the shell, and the other was used for the assessment of the transversal surface. The samples were fixed to the aluminum support (stub), and coated with gold powder. The width of the mammillary cones in the eggshell were measured and calculated with the scanning electron microscope ruler according to the model of Dunn et al. (2012) . The mammillary cones widths were calculated as the average of 3 to 5 mammillary cones per scanning electron photograph.
Quantification of CaBP-D 28k mRNA with Real-Time Polymerase Chain Reaction
At the end of the experiment, the ESGs were sampled from each replication (one layer per replication, 6 replications per treatment) as reported previously (Bai et al. 2014; Xiao et al. 2014; Yuan et al. 2016 ) and stored at −80
• C for further analysis. The expression of CaBP-D 28k mRNA was determined on a Real-Time polymerase chain reaction (PCR) system (ABI 7500, Applied Biosystems, Foster City, CA) following the protocol of SYBR Premix PCR kit (TaKaRa, Dalian, China). First, the total RNA was isolated from approximately 50 mg of ESGs using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Reverse transcription was performed from 2 μg total RNA by Prime Script RT regent kit (TaKaRa, Dalian, China). The oligonucleotide primers have been reported by Guo et al. (2010) and Deng et al. (2014) , which were listed as follows: CaBP-D 28k sense, (F) 5 -TTAAATCTGCGTTGCTTCCATACA-3 ; (R) 5 -GGCCCATCCTGCACTCCATAAC-3 ; 18Sr-RNA sense, (F) 5 -ATTCCGATAACGAACGAGACT-3 ; (R) 5 -GGACATCTAAGGGCATCACA-3 . The PCR reaction was performed with the following thermal procedure: 95
• C for 10 min, followed by 40 cycles of 95
• C for 10 s, and 60
• C for 35 s. There were 6 samples for each group, each sample was performed in duplicate, and no template control was included. The mRNA levels were standardized as the ratio to 18S rRNA in arbitrary units by the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Statistical Analyses
The data were expressed as means and SEM, and analyzed statistically by one-way analysis of variance (ANOVA) using SPSS 20.0. Differences among all treatments were separated by the Tukey test for multiple comparisons. Values of P < 0.05 were considered significant.
RESULTS

Effects of Mn-Met Supplementation on Egg Quality of Laying Hens
The egg quality results are shown in Table 2 and Table 3. Dietary 60 mg/kg Mn-Met significantly increased (P < 0.01) the albumen height at 4 and 8 wk comparing with those of the control diet. Yolk color was significantly affected (P < 0.05) by 40 mg/kg Mn-Met diet compared with 20 mg/kg Mn-Met supplemented while other levels were resulted in intermediate yolk measures at 4 wk. Haugh unit was increased (P < 0.05) with 60 mg/kg Mn-Met diet compared with that of the control diet at 8 wk only.
Effects of Mn-Met Supplementation on Mn Content in Eggshell, Yolk, and Albumen
As shown in the Table 4, eggshell Mn content was significantly increased (P < 0.001) with the increasing levels of dietary Mn-Met levels, while Mn content of control diet did not differ from that of the 60 mg/kg Mn-Met. Additional dietary Mn-Met had no effect on the Mn content of yolk or albumen beyond 60 mg/kg, while there was no difference between control and 60 mg/kg Mn-Met treatment in terms of yolk and albumen Mn content.
Effects of Mn-Met Supplementation on Mammillary Cone of Eggshell
Scanning electronic microscopy photographs showed that effects of Mn-Met supplementation on the transverse profiles (Figure 1a , b) and outer surface (Figure 1c, d ) of eggshell of laying hens. Dietary 60 mg/kg Mn-Met supplementation caused a different eggshell ultrastructure compared with the control group. Compared with the 60 mg/kg Mn-Met group (Figure 1b) , the transverse surface in the control (Figure 1a) had a greater width of mammillary cones, and there were obvious cracks on the outer surface in the control (Figure 1 c) . Furthermore, the widths of mammillary cones in Figure 2 reduced (P < 0.01) significantly by increasing the Mn-Met supplementation.
Effects of Mn-Met Supplementation on the Expression of CaBP-D 28k mRNA in the Eggshell Gland of Laying Hens
The expressions of CaBP-D 28k mRNA in the ESG quantified with real-time PCR are shown in 
DISCUSSION
Recently, organic trace minerals, especially mineral amino acid complex or chelate have been focused on their role in the high egg quality and egg production of laying hens (Zhao et al., 2005; Favero et al., 2013) , and they are more easily absorbed and stored in the body tissues ( previous studies have reported that it is possible to reduce the level of dietary inorganic Mn and replace it with organic forms without influencing the broilers or laying hens (Ao et al., 2008; Pierce et al., 2009) . Venglovská et al. (2014) reported that Mn is essential for eggshell formation and can positively affect eggshell quality, which is in consistent with the result of Zamani et al. (2005) . However, Hossain and Bertechini (1998) found that increasing levels of dietary Mn (25, 50, or 75 mg/kg) had no effect on eggshell quality, which was contradictory to their previous findings. The present study revealed that dietary Mn-Met supplementation did not affect egg weight, eggshell strength, and eggshell thickness, but did influence the albumen height, yolk color, and Haugh unit. Therefore, Mn-Met treatment (60 mg Mn/kg) can improve internal egg quality as compared with the control (60 mg Mn/kg, Mn sulphate); furthermore, the 20 mg/kg Mn-Met treatment had the similar effects on the egg quality with the control group. Although in our study, the eggshell quality parameters (eggshell strength, eggshell thickness) were not significantly affected by the Mn-Met supplementation, it was hypothesized that the changes may have come into being in the micro aspects and have not been shown in the apparent parameters of eggshell quality, probably as a result of the short length of the experiment and the increasing age of the hens. Consequently, in order to test the hypothesis, deeper examination of the Mn contents in eggshell, yolk, and albumen was undertaken.
In current study, the Mn content in the eggshell increased with the increasing Mn-Met levels in the diets and was triple that in the yolk and albumen. This suggested that the content of Mn was mainly distributed in the eggshell and Mn played an important role in the eggshell rather than the yolk and albumen, which was reported by Mabe et al. (2003) . On the other hand, Mn content of control diet did not differ from that of the 60 mg/kg Mn-Met in the eggshell. This suggested that the change in eggshell induced by Mn-Met and Mn sulphate was not reflected in Mn content.
It is known that the deposition of eggshell contains several stages. The mammillary knobs layer follows the outer surface of the outer shell membrane and is first calcified layer deposited, with its tips embedded in the outer shell membrane (Carnarius et al., 1996) . The palisade layer forms as the mammillary knobs fuse, and the vertical crystalline layer is the last calcified layer deposited consisting of short crystals running perpendicular to the shell membrane (Solomon, 1991; Hunton, 2005) . Bain (1992) has suggested that if the ultrastructural organization of the mammillary layer can be manipulated to increase the shells resistance to trauma and subsequent breakage, namely, good shell quality is dependent upon the mammillary layers. Eggshells with smaller crystal size have been associated with higher breaking strength and fracture toughness (Ahmed et al., 2005) . Xiao et al. (2014) reported that dietary Mn concentration affected eggshell ultrastructure with the decrease of the mammillary cone width. The gross morphology of the mammillary layer has not lent itself to extensive investigation. In our study, the scanning electron microscopy was used to provide additional evidence of physical differences between the ultrastructures of eggshells in 5 dietary treatments. It was clearly shown that eggshell in 60 mg/kg Mn-Met treatment seemed to have smoother external surface and smaller mammillary cones, whereas mammillary layers in the control seemed abnormal in shape and appearance. Consequently, it suggested that 60 mg/kg Mn-Met supplementation can decrease the cuticle cracks on the external surface of eggshell relative to the control. Moreover, we also found that the width of mammillary cones decreased significantly with increasing the Mn-Met levels, by which the effect of Mn-Met supplementation on the eggshell quality was confirmed partly. Simons (1971) reported that the layer's eggshell includes approximately 96% inorganic calcium carbonate. Calcium from the diet (calcium carbonate) through the intestine into the plasma is then either stored in the bones or transported directly to uterus (or avian ESG) for synthesizing into eggshell calcium carbonate (Hunton, 2005) . The involvement of calcium binding/transporting proteins in calcium transport in the chick was demonstrated in 1966 and only CaBP-D 28k was found in tissues of birds (Bar, 2009) . The EFdomains of CaBP-D 28k consist of about 28 amino acids and have a helix-loop-helix structure that selectively binds Ca 2+ (Bar, 2009 ). Moreover, CaBP-D 28k has been detected in the tubular gland cell of ESG and the expression of CaBP-D 28k mRNA in the ESG increases during eggshell calcification (Pike and Alvarado, 1975; Coty and Mc Conkey, 1982; Wasserman et al., 1991) . In our study, there was no significant change in the expression of CaBP-D 28k mRNA in response to the dietary level of Mn-Met supplementation. Bar (2008) reported that in the ESG, calbindin mRNAs oscillate during the diurnal egg cycle, between near zero and high concentrations, in close temporal association with eggshell calcification. Consequently, the different sampling time of the ESG may be the main reason for the non-significant expression of CaBP-D 28k mRNA. In future work, more in-depth research about the eggshell at the molecular level is required.
In conclusion, dietary Mn-Met supplementation increased internal egg quality and the ultrastructure of eggshell. Because this work mainly focused upon practical production, and the price of Mn-Met was higher than the inorganic Mn in market, use of MnMet would have no practical value in the production process if we only compared the 60 mg/kg Mn-Met group with the control diet. Consequently, 60 mg/kg Mn-Met treatment resulted in improving egg quality compared to the control, and 20 mg/kg Mn-Met treatment had similar effects the inorganic Mn treatment had on the egg quality. This indicates that the inorganic Mn can be replaced by the lower concentration of Mn-Met.
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